hydrological models to estimate concentrations of pharmaceutical and natural steroid estrogens in a 20 water stressed catchment in South Australia alongside a UK catchment and to forecast their 21 concentrations in 2050 based on demographic and climate change predictions. The results show that 22 despite their differing climates and demographics, modeled concentrations of steroid estrogens in 23 effluents from Australian sewage treatment works and a receiving river were similar to those observed 24 in the UK and Europe, exceeding the combined estradiol equivalent's predicted no effect concentration 25 for feminization in wild fish. Furthermore, by 2050 a moderate increase in estrogenic contamination 26 and the potential risk to wildlife was predicted with up to a two-fold rise in concentrations. 27
INTRODUCTION 31
In the last two decades the steroid estrogens, estrone (E1), 17β-estradiol (E2) and the pharmaceutical 32 17α-ethinylestradiol (EE2) have been identified as aquatic pollutants globally [1] [2] [3] [4] . Originating from 33 human excretion 5 as natural steroids and from pharmaceutical use, they are continuously discharged into 34 rivers via sewage treatment works' (STW) effluents, which can constitute up to 100% of river flow 35 during dry periods [6] [7] [8] . As a result, contamination of river networks with steroid estrogens is widespread 36 and there are extensive data to suggest they are the primary endocrine disruptors responsible for 37 feminization of male fish 9-11 , particularly downstream of STW effluent discharges. Indeed, 38 environmental concentrations of steroid estrogens can cause feminization effects in fish species 39 maintained under laboratory conditions 10,12-14 , including the abnormal development of both ovarian and 40 testicular tissue in the gonads. This intersex condition has been well characterized in the UK where it is 41 considered for regulation under the European Water Framework Directive 20 . 48
49
In order to map the distribution of steroid estrogen contamination, pioneering hydrological modeling 50 methods have been used to predict concentrations of these chemicals in effluents and river networks, 51
detecting "hot spots" of potentially at risk areas 4, [21] [22] [23] . The results correlate well with measured effluent 52 concentrations as well as the intersex incidence and severity in wild roach that inhabit the modeled river 53 stretches 11 . Hydrological modeling with Low Flows 2000-WQX has been subsequently used in a risk 54 assessment of the entire UK river network, predicting that around 39% of the river stretches were at risk 55 of inducing intersex in wild fish due to steroid estrogen contamination 4 . These modeling techniques 56
have since been applied to investigate a range of mitigation options at STWs 24 as well as the mixture 57 effects of estrogens and xenoestrogens in a UK river catchment 25 . They have also been exported 58 internationally for use in national risk assessments in the USA 26 and Japan 27 , as well as for effluent 59 modeling in Chile 28 . 60
61
Although the identification of at risk areas in the present day and the future is one of the top 20 62 research questions for pharmaceuticals and personal care products 29 , in many countries these types of 63 risk assessments for steroid estrogens have not been completed since the hydrological models to enable 64 this process have not been developed. In water stressed areas of the world, such models could be highly 65 informative as lower water availability in these areas potentially reduces the dilution of these 66 contaminants in the aquatic environment relative to other areas, increasing their concentrations and their 67 risks to aquatic organisms. Moreover, the anticipated global population growth during this century 68 alone 30 , coupled with climate induced changes in precipitation 31 , provides an additional need to assess 69 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 5   95   96 Where S is the per capita load arriving at a STW (µg/d), n is the number of cohorts and U is the total 97 estrogen excreted in urine (in free, glucuronide and sulfate forms) and feces for each cohort percentage 98 (fi) of the population. For E2, a factor of 0.5 is incorporated assuming that 50% will be degraded to E1 99 in transit through the sewerage system to a STW. The mean estrogen excretion of each cohort 100 percentage is shown in Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 of the dose 23 , the per capita loads were estimated at 0.35 and 0.28 µg/d for the UK and Australia, 134 respectively. The higher per capita load in the UK due to the higher prescription level of EE2 135 contrasted with that of E1 and E2, where the differences in population demographics resulted in a higher 136 per capita load in Australia. 137
138

Predicting Concentrations of Steroid Estrogens in STW Effluent 139
Flow and population data for the STWs were provided by Severn Trent Water, UK and SA Water 140 Corporation, Australia (Table S1 ). To predict effluent concentrations reflecting a 24-hour composite 141 sample of effluent, the total load arriving at a STW (the per capita load (µg/d) of each estrogen 142 multiplied by the population serviced) was divided by the total flow (L/day) through the STW (domestic 143 plus non-domestic flow). Removal rates of 69% and 83% were incorporated for E1 and E2 respectively, 144 based on a review of removal during the activated sludge process (ASP) 42 . The average, upper and 145 lower per capita loads of E1 and E2 were all calculated based on the excretion range, whilst for EE2, 146 average, upper and lower concentrations were produced in effluent using removal rates of 83%, 71.2% 147 and 94.8% based on the average and standard deviation observed in the ASP review 42 . However, it 148 should be recognized that in reality removal rates vary, even in a single STW, based on the treatment 149 process and environmental conditions 43 . 150
151
The Relevance to Real World Effluents 152
To determine the relevance of modeled data to real world steroid estrogen concentrations in effluent, 153 modeled concentrations were compared with measured data from UK2, where data from 19 24-hour 154 composite samples of its activated sludge treated effluent were available from a previous study 44 . These 155 were collected between July and December 2009 and analyzed by liquid chromatography-tandem mass 156 spectroscopy (LC-MS/MS) as described previously 45 . LC-MS/MS measurements were compared with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (Table S2) 46 and dilution based on the spatial variability in flow. Loss through absorption 174 to sediment was not included since it is not a cause of significant removal 47 . Degradation of E2 to E1 175 was also incorporated based on 1 mol E2 degrading to 1 mol of E1. representing SA2 based on a time series of daily concentrations modeled from the daily flow rates from (Table S2 ). However, this was not 193 temperature dependent and it should be recognized that their degradation could differ in Australian 194 rivers due to different environmental conditions. However, no data are available to support this 195 possibility. Again, no loss to sediment was assumed and in contrast to LF2000-WQX, the conversion of 196 E2 to E1 was not included, which could result in a small underestimation in concentrations of E1. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 with LC-MS/MS analysis on the Erewash, where modeled and measured concentrations both produced 211 the same risk categories for the river stretches based on the EEQ 51 Since the data were available on an age by sex basis, new per capita loads for E1 and E2 were 228 produced based on new estrogen excreting cohorts relevant to 2050 to incorporate the change in 229 population composition (Table S3) (Tables S4 and 5) . No changes were made to the DWF at the STWs, which remained at 234 present day levels to provide a worst case scenario which assumed that no additional water was 235 available for dilution. 236 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The river models used the data above at the STW inflows and were modified to incorporate predicted 238 climate-induced changes to flow. In the UK, the flow on the Erewash in LF2000-WQX was modified 239 with flow data from the UK Climate Projections (UKCP09) simulation afgcx, which is one of 11 240 physically plausible simulations relevant to a medium emissions scenario in the UK 54 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 Using the estrogen model the total load arriving at Australian STWs in the present day was found to 263 be lower than the UK due to the lower population serviced on average. However, the lower flow 264 through Australian STWs produced a similar dilution factor (the per capita flow) to the UK (Table S1) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (Table S6 ). The exception to this was SA1, which exceeded the 54 278 ng/L reported maximum observed concentration of E1 in Australia 63 . Although the range provided by 279 the assessment of 70 effluents is relatively extensive, it only represents a small proportion of Australian 280
STWs and it is plausible that higher concentrations could occasionally occur in some of the older STWs. 281 282 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 varied where predictions for E1 and E2 both tended to be higher than the measured by a factor of 0.9-54 295 (median 3.1) and 0.8-33 (median 4.7) respectively. However, modeled concentrations of EE2 tended to 296 be lower than the measured by a factor of 0.2-1.5 (median 0.4). These deviations in opposing directions 297 produced a smaller deviation in the modeled EEQ, which was generally higher than the measured by a 298 factor of 0.5-3.0 (median 1.0). However, it is important to note that every STW is unique and that the 299 deviations in the datasets observed at UK2 may be very different in another STW. 300
301
A majority of modeled data points were within the measured range for the STW for each steroid 302 estrogen, demonstrating that the model can be considered to produce environmentally relevant 303 preliminary estimates for steroid estrogens applicable to a specific STW effluent. However, it is clear 304 that changes in flow alone cannot explain the fluctuations in the measured data. This is likely to be due 305 to the additional impact of changing estrogen input and removal, which fluctuate naturally instead of 306 remaining constant as the model assumes. Significant changes in input are unlikely to be a common 307 occurrence, so fluctuating removal is likely to be a major cause of sudden changes in the deviation 308 factor between the modeled and measured data. Removal rates not only vary between STWs dependent 309 on the treatment process but will also vary day to day within a single STW dependent on the effects of 310 environmental conditions and flow on biodegradation 65 . Indeed, at UK2 removal rates are reported to 311 be higher than those assumed in the model for E1 and E2 (95 and 98% respectively) and lower for EE2 312 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (32%) 66 . When these measured removal values were input into the model, the deviation factor lowered 313 to 0.2-9.4 (median 0.53) for E1, 0.1-3.8 (median 0.55) for E2, 0.7-6.1 (median 1.53) for EE2 and 0.5-3.0 314 (median 1.1) for the EEQ. In addition, with these new removal rates incorporated, all modeled data was 315 within the measured range, demonstrating that the model can benefit from more specific data from a 316 given STW. This also implies that river models will be more accurate with up to date removal data, 317 although due to the impact of dilution, modeled estrogen concentrations based on the removal rates that 318 overestimated concentrations by up to 10 fold still predicted concentrations within the same risk 319 category as measured data 51 . 320 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Table S5 ) and composition (Table S3) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 impacted stretches from 3.7 (2.3-7.4) ng/L to 5.9 (3.6-11.6) and 4.9 (3-9.7) ng/L respectively. In 375 addition, two stretches became "high risk" areas in projection A (Table S8 ). However, in projection C 376 the increase was smaller with an average EEQ on impacted stretches of 3.8 (2.3-7.5) ng/L due to the 377 reduced input of steroid estrogens from the STWs. An increase in average EEQ was also predicted 378 between the SA2 discharge and the Mount Bold reservoir on the Onkaparinga River under all 379 population projections, from 2.9 (0.4-8.9) ng/L to 6.6 (1.8-18), 5.5 (1.5-15) and 4.6 (1.2-12) ng/L EEQ 380 for projections A, B and C respectively. Importantly, the length of river downstream of the STWconsidered "at risk" increased under all three projections to include the entire 16 km modeled stretch 382 upstream of the reservoir, whilst in projections A and B the stretch immediately downstream of SA2 383 became "high risk". However, it is important to note that additional variables exist in the prediction of 384 estrogen concentrations in the future. For example, measures to conserve water may further reduce 385 dilution of estrogens arriving at STWs, whilst increasing anthropogenic control of river flow and the use 386 of recycled wastewater could result in additional changes to their dilution in rivers. Furthermore, an 387 increasing occurrence of extreme weather events could cause greater changes in flow which could have 388 more dramatic implications for estrogen concentrations than our model suggests. Indeed, variation in 389 flow and dilution may be a much greater driver than population change alone, causing increases or 390 decreases in concentrations that may differ from our model, depending on water availability. Since a 391 better understanding of the drivers that cause at risk areas has been called for 29 , these scenarios may 392 provide interesting subjects for more detailed assessment in the future. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 risk" areas. The results suggest that effluents discharged in South Australia could cause concentrations 409 of steroid estrogens in rivers to exceed the 1 ng/L EEQ PNEC, implying that there is a risk of endocrine 410 disruptive effects occurring in wild fish. Evidence of feminization of non-native fish has already been 411 observed in effluent contaminated areas 68,71,72 , whilst native species have been shown to be susceptible 412 to steroid estrogens under laboratory exposure 73, 74 . As a result, further investigation is warranted to 413 determine how susceptible Australian species are to estrogens from all sources, particularly from 414 effluents derived from different levels of sewage treatment, which will allow Australian PNECs to be 415 derived that accurately reflect the risks and mitigation required to protect Australian biota. In the 416 absence mitigation strategies we could anticipate an increase in estrogen concentrations in rivers in both 417 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 stretches for the present day and future projections; 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
